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1.0  Introduction 


The  major  aim  of  the  work  under  this  contract  was  to  study  the  high  lying 
Rydberg  and  valence  states  of  N2  and,  if  feasible,  to  ascertain  whether  or  not 
they  were  sources  of  infrared  radiation.  It  was  proposed  to  use  an  electron 
beam  to  excite  the  N2  molecules  in  a  thermal  beam  to  the  a"(0)^2g  metastable 
state,  one  laser  to  excite  the  molecules  to  a  higher  state  with  a  p  character 
and  a  second  laser  to  excite  the  molecules  from  the  "p"  state  to  a  higher  lying 
state  with  the  character  of  an  s  or  d  orbital  which  could  not  decay  optically  to 
the  ground  state.  At  the  time  of  this  proposal,  the  lifetime  of  the  a"(0)^Eg 
state  was  not  known  so  it  was  uncertain  whether  or  not  the  configuration  of 
apparatus  used  earlier  to  measure  the  lifetimes  of  the  vibrational  levels  of  the 
B^IIg  state  of  N2  could  be  used  to  study  laser  excitation  out  of  the  a"(0)^Zg 
metastable  state.  This  report  summarizes  the  research  program  which  lead  to  the 
successful  detection  of  laser  excitation  out  of  the  a" (O)^E^  state  and  presents 
new  data  on  the  higher  lying  Rydberg  states.  The  first  part  of  this  report 
summarizes  the  present  knowledge  of  the  singlet  Rydberg  levels;  the  second  part 
describes  the  exploratory  experiments  through  which  it  was  learned  how  to 
observe  laser  excitation  out  of  the  a"(0)^Z^  state;  the  third  part  summarizes 
the  measurements  on  the  high  lying  Rydberg  states. 

2.0  Studies  of  Higher  Singlet  States 

2.1  Background  Information 

Despite  their  importance  for  understanding  the  behavior  of  excited  N2 
molecules,  little  is  known  about  the  decay  mechanisms  for  the  high  lying  singlet 
states.^  The  failure  to  observe  uv  radiation  in  aurorae  from  the  singlet 
states  is  still  quite  controversial . ^  The  uv  radiation  from  N2  has  been 
observed  in  Voyager  I  observations  of  emission  from  Titan's  upper  atmosphere. ^ 


The  term  values  for  the  singlet  states  that  can  be  reached  by  optical 
absorption  from  the  ground  state  have  been  studied  extensively  by  Carroll, 
Yoshino,  and  their  collaborators. Gurtler,  Saile,  and  Koch^  used  a 
synchrotron  radiation  source  to  study  the  photoabsorption  cross  section  of  N2  in 
the  range  from  10-35  eV.  The  uv  optical  absorption  is  dominated  by  the  cn^nu 
and  c^X^  Rydberg  states  and  the  h1^  and  b  iZu  valence  states.  The  absorption 

spectra  are  quite  complicated  due  to  the  interactions  between  the  levels.  The 

1  #  1  *10 
cniIIu  and  cniSu  states  from  a  p  complex11  and  there  are  homogeneous 

perturbations  between  the  (b^IIu,  cn^IIu)  and  (b'^X^,  c^X^)  pairs  of  levels. 

Dressier1-*  played  a  major  role  in  untangling  the  levels  from  the  complex 

spectrum.  Figure  1  shows  potential  curves  for  some  of  the  important  singlet 

states . 

Several  groups  have  studied  the  emission  spectrum  from  N2  in  the  range  from 

80  to  120  nm.  The  studies  of  the  emission  spectrum  are  difficult  because  of  the 

large  cross  section  for  self  absorption  which  distorts  the  spectrum  and  the  many 

overlapping  bands  with  varying  intensity.  The  earlier  observers  were  Birge  and 

Hopfield,^  Watson  and  Koontz,^  Wilkinson  and  Houk,^  and  Tilford  and 
17  1ft 

Wilkinson.  More  recently  Zipf  and  McLaughlin1  measured  the  emission  spectrum 
for  electron  beam  excited  N2 .  Zipf  and  Gorman^  measured  the  electron 
excitation  for  the  b  ^X^  valence  state.  Morgan  and  Mentall^®  studied  the 
emission  spectrum  for  excitation  by  low  energy  electrons. 

Recently,  Roncin  et  have  employed  a  magnetically  confined  low  pressure 

discharge  to  study  with  high  resolution  the  uv  light  emitted  in  the  range  from 
80  to  110  nm.  They  saw  in  emission  many  transitions  not  reported  by  earlier 
workers.  The  availability  of  the  results  from  the  high  resolution  absorption 
data  made  it  possible  for  them  to  identify  most  of  the  lines.  Figure  2  shows  an 
energy  level  diagram  for  the  known  singlet  states.  Those  states  which  have  been 
observed  in  emission  are  marked  with  circles. 
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Several  groups  have  used  electron  excitation  and  electron  energy  loss 
spectroscopy  to  measure  the  cross  sections  for  excitation  of  the  Rydberg 
states. “  C.  C.  Lin  and  his  coworkers  have  measured  the  cross  section  for 
electron  excitation  of  the  c^O)®-^  Rydberg  state^®  and  have  carried  out 
calculations  of  the  cross  sections  for  excitation  by  electrons. ^  Stahel,  Leon 
and  Dressier^®  have  taken  the  energy  loss  spectroscopy  measurements  of  Geiger 
and  Schroeder^D  as  input  and  made  extensive  calculations  to  understand  the 
complex  dependence  of  ^ie  excitation  cross  sections  on  the  character  of  the 
levels  and  the  vibrational  state.  Figure  3  shows  the  energy  loss  spectrum 
observed  by  Geiger  and  Schroeder  for  25  keV  electrons  with  the  scattering  angle 
8  <  1  x  10"^ .  Figure  4  shows  a  plot  of  the  strengths  for  the  transitions  taken 
from  the  paper  by  Stahel,  e£  al . 

Dressier  and  Hesser^-28  have  measured  directly  the  radiative  lifetimes  for 
selected  levels.  Oertel,  et  al.^9  excited  N2  with  synchrotron  radiation  and 
observed  the  fluorescence  from  some  ^IIU  and  states.  They  made  use  of  the 
pulsed  character  of  the  synchrotron  radiation  to  measure  the  lifetimes  for  some 
of  the  levels . 

Zipf  and  McLaughlin^-®  used  measurements  of  the  cross  section  for  production 
of  light  by  electrons  in  conjunction  with  the  excitation  cross  sections 
determined  through  energy  loss  spectroscopy^®  to  estimate  the  relative  branching 
ratios  for  radiative  decay  and  predissociation.  They  concluded  that  many  of  the 
levels  decay  primarily  through  predissociation.  Roncin,  et  al.®®  found  evidence 
for  predissociation  of  the  C4(6)-*-2^  and  b  (20)^E^  levels  in  the  sharp 
breaking  off  of  the  rotational  bands  observed  in  high  resolution  ultraviolet 
emission  spectra.  There  has  been  no  report  of  direct  evidence  for 
predissociation  in  the  lower  Rydberg  states  or  lower  vibrational  levels  of  the 
bLnu  or  b  valence  states. 
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Early  excitation  curves  showed  that  there  was  a  level  near  12.25  eV ;  the 
angular  dependence  and  the  voltage  dependence  of  the  excitation  were  that 
expected  for  a  quadrupole  transition. 31-34  This  level  was  later  observed  by 

O  C 

LedbetterJJ  in  absorption  studies  of  a  shock  tube  generated  plasma.  The  level 
was  identified  as  the  level  predicted  in  the  calculation  of  Mulliken^  and 

has  been  designated  the  a" (0)^2*  level.  This  level  is  the  singlet  counterpart 
of  the  E^2^  state.  Transitions  from  this  state  to  the  C4(0)^IIU  and  c^OJ^Zj 
Rydberg  states  were  subsequently  measured  using  optogalvanic  spectroscopy  in  an 
rf  discharge  by  Suzuki  and  Kakimoto.^  Subsequently  Miyazaki,  Scheingraber ,  and 
Vidal^®  measured  transitions  to  the  C5(0)^IIU,  b' (16)^2^,  and  b' (17)^2+  states 
using  optogalvanic  double  resonance  spectroscopy  in  a  dc  discharge. 

2.2  Plan  of  Attack 

Figure  4  shows  an  energy  level  diagram  for  the  known  singlet  states  of 
molecular  nitrogen  including  the  metastable  a” (0)^2+  state.  It  was  proposed 
to  use  an  electron  beam  to  excite  the  N2  molecules  in  a  thermal  beam  to  the 
a"(0)^Zg  state,  to  employ  a  dye  laser  to  excite  the  molecules  to  the  04(0) ^nu 
and  05(0)^^  Rydberg  states,  and  to  use  the  hard  uv  radiation  emitted  in  the 
decay  of  the  Rydberg  states  to  detect  the  transitions.  This  method  had  been 
successfully  used  earlier  to  excite  molecules  to  the  B^nu  state  and  measure  the 
lifetimes  for  the  vibrational  levels  of  the  B^IIU  state.  The  primary  unknowns 
in  the  design  of  the  experiment  were  the  lifetime  of  the  metastable  a"(0)^Sg 
state  and  the  branching  ratio  for  radiative  decay  of  the  04(0) ^nu  and  05(0) ^2* 
Rydberg  states.  It  was  assumed  that  the  lifetime  of  the  a"(0)^2g  state  was 
roughly  the  same  as  the  measured  190  /jsec  lifetime  for  the  E^Eg  stated and 
that  the  branching  ratios  for  radiative  decay  of  the  singlet  Rydberg  states  was 
not  zero.  It  was  disturbing  that  there  was  no  reported  observation  of  the 
a"(0)*-Zg  state  in  molecular  beam  experiments^  carried  out  to  measure  the 


lifetimes  of  the  metastable  states  of  N2 .  The  measurements  using  shock  tube 
excitation  suggested  that  the  lifetime  of  the  a"(0)^rt  state  could  be  as  short 

O 

as  lOpsec.^  It  was  known  that  the  cross  section  for  electron  induced 
excitation  of  the  a"(0)^2g  state  was  small. ^ 

2 . 3  Exploratory  Experiments 

For  the  first  attempt  to  detect  the  excitation  of  the  c^(0)^nu  and 
05(0) Rydberg  states  we  used  the  same  set  up  we  employed  for  the 
measurement  of  the  lifetimes  for  vibrational  levels  of  the  B-^IIg  state. ^  The 
red  sensitive  photomultiplier  tube  was  used  to  detect  the  fluorescent  radiation. 
We  first  tried  this  experiment  with  a  room  temperature  N2  beam  and  observed  what 
appeared  to  be  small  fluorescent  signals.  These  signals  disappeared  when  we 
cooled  the  beam.  This  suggested  that  the  lifetime  of  the  a"(0)^Eg  state  was 
short  and  that  when  the  beam  was  cooled  the  atoms  in  this  state  did  not  live 
long  enough  to  reach  the  region  where  the  dye  laser  beam  crossed  the  molecular 
beam.  The  background  count  rate  in  the  photomultiplier  was  high  due  to 
radiation  emitted  by  the  excited  N2  atoms.  This  limited  the  sensitivity  of  the 
experiment. 

For  the  second  series  of  experiments  we  replaced  the  cooled  photomultiplier 
tube  by  a  channeltron  detector  which  was  sensitive  to  hard  uv  radiation,  such  as 
would  be  emitted  by  Rydberg  states  through  direct  decay  to  the  ground  state  of 
N2 •  In  these  experiments  we  observed  some  signals  which  were  suggestive  of 
fluorescent  signals,  but  we  were  not  able  to  increase  the  signal  to  noise  ratio 
sufficiently  to  make  them  believable.  The  experiments  were  quite  encouraging  in 
that  the  background  with  the  channeltron  was  low  so  that  we  were  sensitive  to 
smaller  signals  than  with  the  red  sensitive  photomultiplier  tube. 

For  the  third  series  of  experiments  we  reconfigured  the  apparatus  so  as  to 
decrease  as  much  as  was  mechanically  feasible  the  distance  from  the  source  of 


metastable  molecules  to  the  point  where  the  laser  beam  intersected  the  molecular 
beam.  We  then  used  the  channeltron  detector  to  search  for  excitation  of  the 
0^(0) ^IIU  and  05(0) states.  We  were  not  able  to  detect  any  fluorescent 
radiation  from  the  Rydberg  states.  The  geometry  of  the  apparatus  was  such  that 
if  the  lifetime  of  the  a" (0)^1^  state  was  less  than  lOOps,  a  sufficient  number 
of  metastable  molecules  to  produce  an  observable  signal  would  not  reach  the 
detector . 

Since  it  was  impossible  to  decrease  further  the  distance  between  the 
metastable  source  and  the  laser  interaction  region  without  a  major  rebuilding  of 
the  apparatus,  we  started  an  investigation  of  other  methods  for  obtaining  a 
source  of  N2  molecules  in  the  a"(0)^Sg  metastable  state.  It  was  particularly 
attractive  to  use  a  discharge  source  since  we  could  easily  decrease  the  distance 
between  the  discharge  source  and  interaction  region  by  bringing  the  beam  in  from 
the  opposite  end  of  the  beam  apparatus. 

As  a  first  step  in  this  investigation  we  explored  the  use  of  optogalvanic 
spectroscopy  as  a  means  for  determining  the  optimum  discharge  conditions  for 
production  of  the  a"(0)^Eg  state.  We  were  able  to  obtain  very  good 
optogalvanic  signals  in  a  cell.  Figure  6  shows  a  chart  recording  of  the 
0^(0)  ^-IIU  «-  a"(0)^-Sg  signals  near  the  head  of  the  Q  band. 

We  then  constructed  a  discharge  tube  with  a  hole  in  the  end  and  installed  it 
so  that  the  end  of  the  discharge  was  roughly  2cm  from  that  laser  interaction 
region.  Figure  7  shows  a  diagram  of  the  discharge  tube  source.  It  was 
estimated  that  it  would  require  30-40ps  for  discharge  produced  molecules  in  the 
a"(0)^Zg  state  to  reach  the  laser  interaction  region.  We  saw  good 
optogalvanic  signals  in  the  discharge  although  they  were  somewhat  irreproduc ible 
and  depended  critically  on  the  discharge  conditions.  We  did  not  see  any  signals 
due  to  laser  excitation  out  of  the  a"(0)^Zl  state  with  this  apparatus. 


We  then  abandoned  this  approach  and  decided  to  construct  a  new  apparatus  in 
which  the  distance  from  the  electron  excitation  to  the  laser  interaction  region 
could  be  minimized.  We  designed  and  constructed  a  new  vacuum  chamber  which  is 
much  more  flexible  than  the  old  one.  We  also  built  a  new  electron  excitation 
source  which  had  a  larger  magnetic  field  and  for  which  the  distance  from  the 
electron  beam  to  the  front  of  the  source  was  less  than  1  cm.  With  this  new 
excitation  source  and  the  new  chamber,  the  distance  from  the  electron  excitation 
to  the  laser  interaction  region  was  only  1  cm.  For  a  thermal  beam  of  N2  this 
corresponds  to  20/iS .  A  mount  for  the  channeltron  detector  was  designed  so  that 
it  viewed  the  laser  interaction  region  with  a  spatial  separation  of  2  cm.  We 
searched  for  but  did  not  find  signals  with  this  arrangement.  We  observed, 
however,  that  when  we  cooled  the  source  to  liquid  nitrogen  temperature,  the 
number  of  uv  photons  detected  by  the  channeltron  decreased  as  if  there  was  a  uv 
emitting  component  of  the  beam  with  a  lifetime  of  approximately  2/is .  We 
suspected  that  this  might  be  due  to  light  emitted  by  radiative  decay  of 
molecules  in  the  a"(0)^E^  metastable  state.  This  implied  an  average  decay 
length  for  molecules  in  the  a"(0)*Z^  state  of  1  mm. 

We  then  decided  to  construct  a  configuration  in  which  the  electron  beam 
excitation  and  the  laser  interaction  took  place  in  the  same  region  such  that  the 
excited  molecules  would  not  have  to  travel  between  the  electron  excitation  and 
the  laser  interaction.  The  uv  sensitive  channeltron  was  to  be  used  to  detect 
the  transition.  Figure  8  shows  a  schematic  diagram  of  the  initial  arrangement. 
With  this  configuration  we  detected  what  we  thought  were  signals  but  which  could 
not  be  reproduced  when  we  changed  the  arrangement  in  a  manner  which  should  have 
increased  the  signals.  Two  major  problems  with  this  arrangement  were  the  high 
counting  rate  in  the  channeltron  due  to  light  from  direct  electron  excitation  of 
the  high  lying  Rydberg  states  and  the  space  charge  limit  to  the  intensity  of  the 
electron  beam. 
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To  test  the  sensitivity  of  this  apparatus,  we  used  a  beam  of  neon.  Neon  has 
two  near  lying  metastable  states  similar  to  the  a"(0)*Zg  state  in  nitrogen  and 
through  laser  excitation  out  of  these  states,  one  can  reach  states  which  decay 
through  the  emission  of  hard  uv  radiation  near  75  nm.^  We  were  not  able  to 
observe  signals  in  neon  with  this  configuration  of  the  apparatus. 

We  then  decided  to  construct  a  diode  detector  with  a  tantalum  foil 
photocathode  and  to  use  magnetic  confinement  to  increase  the  intensity  of  the 
electron  beam.  The  laser  beam  was  chopped  and  a  lock- in-detector  was  used  to 
detect  the  signals.  This  arrangement  is  more  sensitive  than  the  earlier 
configuration  because  we  could  increase  substantially  the  equivalent  photon 
counting  rate  and  see  a  much  smaller  fractional  change  in  the  uv  light.  With 
this  set-up  we  were  able  to  obtain  very  good  signals  which  were  quite 
reproducible . 

2.4  Results 

Figure  9  shows  a  schematic  diagram  of  the  apparatus  successfully  used  to 
excite  the  N2  molecules  and  to  observe  the  transitions.  A  30-35  eV,  4-5  mA 
magnetical 3 ”  collimated  electron  beam  excites  the  N2  molecules  in  a  thermal 
beam.  The  collimation  ratio  for  the  N2  beam  is  10  to  1;  the  source  pressure,  5 
torr;  the  magnetic  field  in  the  source  region,  roughly  400G.  The  molecular  beam 
and  the  electron  beam  are  collinear  and  counterpropagate  so  as  to  maximize  the 
region  of  overlap.  The  tantalum  cathode  photodiode  monitors  the  uv  light 
emitted  perpendicular  to  the  electron  beam  and  is  mounted  immediately  below  the 
laser  interaction  region.  The  diode  is  estimated  to  have  an  average  quantum 
efficiency^  of  approximately  10%  over  the  region  from  40  to  llOnm.  The 
electron  beam  excites  the  molecules  to  the  a"(0)^Sg  metastable  state  and  a 
myriad  of  other  short  and  long  lived  states,  many  of  which  decay  with  emission 
uv  i  .  t<ht  in  the  range  from  40  to  110  nm.  A  laser  beam  perpendicular  to  the 
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electron  beam  and  to  the  central  axis  of  the  photodetector  excites  the  molecules 
in  the  metastable  a"(0)^Eg  state  to  higher  Rydberg  states.  A  light  chopper 
modulates  the  laser  beam  and  a  lock-in  detector  measures  the  modulated  component 
of  the  photocurrent.  The  absorption  signals  from  an  iodine  cell  are  used  to 
measure  the  wavelength  of  the  laser. ^ 

Figure  10  shows  the  signals  observed  for  the  Q  branch  0^(0) lnu  ♦-  a”  (O)-^Sg 
transitions  together  with  the  absorption  signal  from  the  iodine  cell.  The  N2 
signals  are  due  to  an  increase  in  the  uv  light  detected;  the  change  in  the  light 
intensity  is  roughly  6  parts  in  10^. 

A  similar  experiment  carried  out  to  test  the  photodiode  with  the  nitrogen 
replaced  by  neon  gas  gave  signals  with  an  increase  in  the  uv  light  detected  with 
low  source  pressures  (0.4  torr)  and  a  decrease  with  high  source  pressures.  As 
the  pressure  increased  the  signal  in  the  wings  of  the  line  changed  sign  first 
and  then  the  signal  at  the  center  decreased  and  changed  sign.  This  behavior  was 
quite  suprising.  The  135(^2)  metastable  level  in  neon,  which  corresponds  to 
the  a"(0)l£^  state,  does  not  decay  with  emission  of  uv  radiation;  the  ls2(^P^) 
and  ls4(JP^)  levels,  which  are  populated  through  radiative  decay  after  laser 
excitation  to  the  2p2(^P^)  level,  decay  rapidly  with  the  emission  of  uv 
radiation. ^  Thus  one  would  expect  to  see  an  increase  in  the  uv  light  emitted. 
The  change  in  the  sign  of  the  signal  is  attributed  to  a  combination  of 
reabsorption  of  the  emitted  uv  radiation  and  laser  depopulation  of  the 
metastable  atoms  which  play  a  role  in  the  electron  excitation  to  higher  levels 
which  emit  uv  radiation.  The  nitrogen  is  less  susceptible  to  this  reversal 
since  the  emitted  uv  light  comes  in  large  part  from  transitions  to  higher 
vibrational  levels  of  the  ground  state  which  are  not  populated  at  room 
temperature  and  the  a"(0)^Sg  state  has  a  shorter  lifetime  than  the  metastable 
states  in  neon. 
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The  only  observation  of  uv  light  emitted  by  the  a” (0)^2^  state  is  that 
reported  by  Lutz.^  Dressier  and  Lutz^  used  the  absorption  in  nitrogen  gas  at 
several  pressures  to  observe  the  absorption  band  for  the  transition 
a"(0)^S^  «-  X(0)^2g.  Lutz  subsequently  reported  the  observation  of  the 
a"(0)Eg  -*  X(0)^Sg  '.ansition  in  emission  from  a  discharge  at  101.005  nm.  The 
near  lying  intense  bands  from  the  other  transitions  make  the  observation  of  this 
transition  difficult.  Lutz's  observation  of  emission  has  not  been  confirmed  by 
later  workers.  The  term  value  99005.0  cm'^  calculated  from  the  wavelength 
measured  by  Lutz  differs  by  165  cm'^  from  the  term  value  98840.55  cm"'-  derived 
in  a  recent  analysis  by  Yoshino  and  Freeman.^  It  is  assumed  that  the  shift  is 
due  to  collisions  with  other  N2  molecules  in  the  gas  and  that  the  absorption  is 
due  to  an  induced  dipole  transition. 

This  same  technique  has  been  used  to  observe  transitions  from  the  a"(0)^Xg 
state  to  the  05(0)^!^  and  the  c^O^XJ  states.  In  each  case  the  signals 
were  due  to  an  increase  in  the  uv  light  detected  and  the  linewidths  were 
comparable  to  that  for  the  0^(0) ^Ily  state. 

The  change  in  the  uv  light  emitted  was  roughly  the  same  for  all  three 
transitions.  If  the  change  in  the  light  emitted  is  due  simply  to  the  emission 
by  the  laser  excited  C4(0)^IIU,  c^O^Sj  and  c^(3)^Sj  states,  then  this  does 
not  support  the  conclusion  of  Zipf  and  McLaughlin^-®  concerning  predissociation 
in  the  excited  singlet  states  of  N2-  Zipf  and  McLaughlin  concluded  that  the 
C4(3)^Sj  state  decayed  through  predissocation  15%  of  the  time  and  the  0^(0) ^nu 
and  05(0) states  decayed  through  predissociation  more  than  99%  of  the  time. 
Roncin  e_t  al.^l  reported  that  the  uv  radiation  from  the  C4(3)'-X^  state  is  very 
strong,  the  uv  radiation  from  the  C4(0)'-IIU  state  is  weak,  and  uv  radiation  from 
the  05(0) state  is  very  weak.  There  are  clearly  discrepancies  between 
these  observations  which  meric  further  investigation. 


Figure  11a  shows  the  observed  profile  for  the  Q(12),  04(0) *nu  «-  a"(0)1Zg 
transition.  A  fit  to  a  Voigt  line  profile  gives  (350±80)  MHz  for  the  Lorentzian 
component  and  (630±70)  MHz  for  the  Gaussian  component.  The  width  of  the 
Lorentzian  component  corresponds  to  a  lifetime  of  (0.46±0.10)  nsec.  Figure 
11(b)  shows  a  line  profile  for  the  C4(3)^2j  «-  a"(0)^Z^  transition.  For  this 
transition  the  widths  of  the  Lorentzian  and  Gaussian  components  are  (6401130) 

MHz  and  (5301100)  MHz  respectively.  The  width  of  the  Lorentzian  component 
corresponds  to  a  lifetime  of  (0.2510.05)  nsec.  These  two  lifetimes  are  similar 
to  the  other  reported  lifetimes  for  singlet  states  of  N2.  Table  1  summarizes 
the  lifetimes  reported  for  both  the  singlet  Rydberg  states  and  the  b^IIu  and 
b  valence  states. 27-29 

Table  2  summarizes  the  measured  line  positions  for  each  of  the  transitions 
observed.  Also  shown  are  the  line  positions  determined  by  Suzuki  and  Kakimoto^ 
for  the  same  transitions  through  optogalvanic  spectroscopy  or  calculated  from 
the  uv  absorption  measurements  of  Yoshino,  Freeman,  and  Tanaka.®  In  all  cases 
the  agreement  is  excellent. 

In  addition  to  these  transitions,  we  searched  for,  but  did  not  find,  a 
number  of  other  transitions.  Table  3  summarizes  all  the  transitions  for  which  a 
search  was  made.  It  is  not  clear  why  we  were  not  able  to  see  transitions  to  the 
b  valence  states. 

We  also  searched  for  excitation  to  a  higher  lying  Rydberg  state  with  an 
electron  in  a  d  orbital.  One  laser  was  used  to  drive  the  04(3)^!^  <-  a"(0)^2g 
transition  and  a  second  laser  was  swept  over  the  range  expected  for  a 
(nd)^IIg  ♦-  04(3)  transition.  The  emitted  uv  light  was  monitored  to  look  for 
a  signal.  We  did  not  detect  any  transitions.  This  is  not  surprising  since  this 
method  of  observing  a  second  transition  is  limited  in  sensitivity  by  the 
stability  of  the  first  laser.  A  better  method  would  be  to  use  an  ion  detector 


to  look  for  molecules  produced  through  autoionization  of  the  nd  states.  We 
plan  in  the  future  to  use  this  method  to  look  for  such  transitions. 


2.5  Conclusions 

A  combination  of  electron  beam  and  laser  excitation  has  been  used  to  observe 
the  c4(0)1nu,  05(0)^^,  and  0^(3)^^  Rydberg  states  of  N2.  The  data  indicate 
that  all  three  of  these  states  decay  with  roughly  equal  probability  by  emission 
of  uv  light.  The  measured  lifetimes  of  the  C4(0)^IIU  and  04(3*^  states  are 
(0.46±0.10)  and  (0.25±0.05)  nsec,  respectively. 

This  technique  provides  a  new  and  powerful  method  for  studying  the  high 
lying  singlet  states  in  N2.  The  addition  of  a  uv  spectrometer  to  observe  the 
redistribution  of  the  radiation  would  make  it  possible  to  observe  transitions  to 
other  Rydberg  states,  to  observe  transitions  to  the  b^IIu  and  b '  valence 
states,  to  study  the  levels  in  greater  detail,  to  measure  the  relative  branching 
ratios  for  radiative  decay  and  predissociation,  to  measure  for  each  state  the 
branching  ratios  for  decay  to  the  different  vibrational  levels  of  the  ground 
state,  and  to  measure  the  branching  ratios  for  decay  to  the  a^g  metastable 
state.  Two  ]~sers  can  be  used  to  extend  the  measurements  to  the  s  and  d  Rydberg 
levels  which  are  not  accessible  by  optical  absorption  from  the  ground  state. 
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4.0  Tables 


4.1  Table  1.  Reported  lifetimes  for  ^1^  and  states  of  molecular  nitrogen. 


Electronic 

State 

b1nu,  v'-O 

b:nu>  v'-l 

Oerzel ,  et  al.^ 

0.2710.04 

1.7510.26 

Lifetime 

(ns) 

Hesser  and 
Dressier^ 

This  Work 

b'1^, 

v'-l 

1.1310.17 

b'1^. 

v'-5 

0.2810.04 

b'M. 

v'-7 

0.9310.14 

b'1^, 

v'-9 

0.7110.11 

b'M- 

v'-ll 

0.2510.04 

b'1^, 

v'-12 

0.2510.04 

v'-O 

0.910.2 

c41^*u> 

v'-2 

0.6510.10 

c41^u> 

v'-3 

0.2510.05 

v  -0 

0.4610.10 

°3  1"u. 

v'-2 

0.3010.05 
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4.2  Table  2.  A  summary  of  the  observed  transition  intervals  in  cm"^.  The 
other  measurements  for  the  04(0)^!^  «-  a"(0)^Sg  and  c^(0)^zj  ♦-  a"(0)^Sg 


transitions  are  those  of  Suzuki  and  Kakimoto.  ’  The  intervals  for  the  04(3) iSu 


«-  a" (O)^Sg  transitions  were  calculated  from  the  term  values  determined  by 
Yoshino,  et  al.® 


Transition 


Q(l> 

Q(2) 

Q(3) 

Q(4) 

Q<5) 

Q(6) 

Q(7) 

Q(8) 

Q(12) 


R(l) 

R(6) 

R(14) 


P(1A) 


Other  Work 


This  Work 


a"  (O)^-Sg 


16725.154 

16720.202 

16725.271 

16725.363 

16725.476 

16725.608 

16725.765 

16725.883 

16727.037 


16725 

16725 

16725 

16725 

16725 

16725 

16725 

16725 

16727 


.15010.010 

.19710.004 

.26610.003 

.35910.003 

.47010.003 

.59910.005 

.75810.011 

.88810.019 

.02210.010 


16732. 

16751. 

16776. 


16732.75910.010 

16751.39810.010 

16776.59210.010 


c^O)1^ 


a"(0)^Z^ 


16845. 


16845.87710.010 


a^O)1^ 


11825 

11823 

11821 


.13310.300 

.49410.300 

.30810.300 


11825.17210.010 

11823.69510.010 

11821.39910.005 


Difference 


-0.004 

-0.005 

-0.005 

-0.003 

-0.006 

-0.009 

-0.007 

+0.005 

-0.015 


-0.009 

-0.018 

-0.015 
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0.201 
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4.3  Table  3.  Summary  of  transitions  out  of  the  a"(0)^Sg  state  of  N2  searched 


for  and  observed. 


c^O)1!!  -  a"  (0)  1St 


P  branch:  J-4 
Q  branch:  J-l-8,  12-14 
R  branch :  J-l , 6 , 14 


observed 

observed 

observed 


c^O)1^  -  a"  (0) 


P  branch:  J-14 
R  branch:  J-6 
R  branch:  J-l- 3, 13 


observed 
observed 
NOT  observed 


3.  c^O)1^  -  a^O)1!^ 


R  branch:  J-6 -8 


observed 


4.  c3(3)1nu  -  a" (0)  15lt 


Q  branch:  J-8 


NOT  observed 


5.  b(4)Lnu  -  a^O)1^ 


Q  branch:  J-8 


NOT  observed 


6.  b  ClO)1^  *-  a"(0)12^ 


R  branch:  J-8 


NOT  observed 


7.  b'(17)lz+  «-  a"(0)1Zt 


R  branch:  J-2 , 4 , 6 , 10 , 14 


NOT  observed 


8.  b'  (19)1E+  -  a" (0)  1St 


R  branch:  J-22 


NOT  observed 


5.0  Figures 


5 . 1  Figure  Captions 

Fig.  1  --  The  potential  energy  curves  for  the  states  of  the  nitrogen  molecule 
relevant  to  the  measurements  summarized  in  this  report. 

Fig.  2  --  An  energy  level  diagram  showing  the  singlet  levels  of  the  N2 

molecule.  Those  levels  which  have  been  observed  in  emission  are 
marked  with  a  small  circle. 

Fig.  3  --  The  energy  loss  spectrum  for  25  keV  electrons  with  a  scattering  angle 
8  <  1  x  10'^.  From  Geiger  and  Schroeder  (ref.  26). 

Fig.  4  --  The  calculated  perturbed  and  deperturbed  intensities  for  N2  ^IIU  «- 
(v-0)  transitions.  The  valence  b^IIu,  Rydberg  c^nu  (3p*r) ,  and 
Rydberg  o^IIu  (n£  A^Hu,  3 so)  states  interact  strongly,  giving  rise  to 
the  strong  variations  in  the  spectrum.  The  dotted  lines  show  the 
Franck-Condon  envelopes  for  the  deperturbed  states.  The  solid  lines 
are  the  calculated  intensities  for  transitions  into  strongly  mixed 
eigenstates.  After  Stahel,  et  ai. ,  Ref.  25. 

Fig.  5  --  Energy  level  diagram  showing  the  excitation  scheme  used  to  observe  the 
Rydberg  states. 

Fig.  6  --  The  optogalvanic  signal  obtained  with  a  DC  discharge.  The  peak  at  the 
center  is  the  band  head  for  the  Q  band  of  the  transition  c^(0)^nu  ♦- 
a" (0) 1£^. 

Fig.  7  --  Discharge  source  used  to  produce  metastable  N2  molecules. 


Fig.  8  --  The  first  version  of  the  apparatus  in  which  the  electron  beam 


excitation  and  the  laser  interaction  took  place  in  the  same  region  of 
space . 

Fig.  9  --  The  final  configuration  used  to  excite  and  observe  the  Rydberg  states 
of  N2. 

Fig.  10  -  The  signals  for  the  Q  branch  of  the  04(0) ^nu  «-  a"(0)^Sg  transitions 
near  the  band  head. 


Fig.  11  -  The  observed  line  profiles  and  the  fits  to  a  Voigt  line  profile  for 
the  Q(12)  ,  c^O)1!^  «-  a"(0)1Sg  and  R(8),  c iO)1^  -  a-'CO)1^ 


transitions . 
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Abstract 

A  combination  of  electron  and  laser  excitation  of  nitrogen  molecules  in  a 
molecular  beam  has  been  used  to  observe  the  c^(0)^nu,  ^(O)!^,  and 
c^(3)^E^  Ryi'-arg  states.  The  measured  linewidths  are  used  to  determine 
the  lifetimes  for  the  C4(0)^nu  and  C4(3)^E^  states.  The  lifetimes  are, 
respectively  (0.46  ±  0.10)  nsec  and  (0.25  ±  0.05)  nsec. 


PACS  Numbers:  33.20.Ni,  33.70.Fd,  33.80.Gj 


The  detailed  photodynamics  of  the  nitrogen  molecule  is  an  essential 
component  for  modeling  the  earth's  atmosphere.  The  excited  singlet  states  of 
the  N2  molecule  are  sources  of  hard  uv  radiation  and  through  predissociation 
excited  nitrogen  atoms.  Despite  their  importance  for  understanding  the  behavior 
of  excited  N2  molecules,  relatively  little  is  known  about  the  decay  channels  for 
the  high  lying  singlet  states. In  this  letter  we  report  a  new  technique  for 
studying  the  high  lying  singlet  states  of  N2  in  which  the  output  of  a 
stabilized,  tunable  dye  laser  excites  molecules  in  the  a" (0)^2+  metastable 
state  into  the  Rydberg  states,  and  the  transitions  are  observed  through  the 
change  in  the  uv  light  emitted. 

The  term  values  for  the  states  which  can  be  reached  by  optical  excitation 
from  the  ground  state  have  been  studied  extensively  by  Carroll,  Yoshino  and 
their  collaborators .  Several  groups^’-*'®  used  electron  energy  loss 

spectroscopy  to  measure  the  cross  sections  for  excitation  of  the  Rydberg  states. 
Zipf  and  McLaughlin^  used  measurements  of  the  cross  sections  for  production  of 
light  by  electrons  in  conjunction  with  the  results  from  energy  loss  spectroscopy 
to  estimate  the  relative  branching  ratios  for  radiative  decay  and 
predissociation.  Studies  of  these  states  are  made  difficult  by  the  complexity 
of  the  spectra  and  the  large  cross  section  for  reabsorption  of  the  emitted 
radiation.  Recently,  Roncin,  et  al.^  employed  a  magnetically  confined  low 
pressure  discharge  to  study  with  high  resolution  the  uv  light  emitted  in  the 
range  80  to  110  nm.  They  observed  in  emission  many  bands  not  reported  by 
earlier  workers. 

Figure  1  shows  a  partial  energy  level  diagram  for  the  singlet  states  of  N2 • 
Each  level  corresponds  to  the  ground  vibrational  state  of  a  particular 
electronic  configuration.  Figure  2  shows  a  diagram  of  the  apparatus  used  to 
excite  the  N2  molecules  and  to  observe  the  transitions.  A  30-35  eV,  U-b  mA 
magnetically  collimated  electron  beam  excites  the  N2  molecules  in  a 


thermal  beam.  The  collimation  ratio  of  the  beam  is  10  to  1;  the  source 
pressure,  5  torr;  the  magnetic  field  in  the  interaction  region,  roughly  4000. 

The  molecular  beam  and  the  electron  beam  are  collinear  and  counterpropagate  to 
maximize  the  region  of  overlap.  A  photodiode  with  a  tantalum  photocathode 
electrically  shielded  from  stray  electrons  monitors  the  uv  light  emitted 
perpendicular  to  the  electron  beam  by  the  excited  N£  molecules.  The  diode  is 
estimated  to  have  an  average  quantum  efficiency  of  approximately  10%  over  the 
region  from  40  to  110  nra.-^  The  electron  beam  excites  the  molecules  to  the 
a"(0)^St  metastable  state  and  to  a  myriad  of  other  short  and  long  lived  states, 
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many  of  which  decay  with  emission  of  uv  light  in  the  range  from  40  to  110  nm .  A 
laser  beam  perpendicular  to  the  electron  beam  and  to  the  central  axis  of  the 
photodetector  excites  the  molecules  in  the  metastable  a"(0)^Zg  state  to  higher 
Rydberg  states.  Rhodamine  6G  is  used  to  drive  transitions  near  600  nm;  Styrl 
9M .  transitions  near  820  nm.  A  light  chopper  modulates  the  laser  beam,  and  a 
look-in  detector  measures  the  modulated  component  of  the  photocurrent .  The 
absorption  signals  from  an  iodine  cell  are  used  to  measure  the  wavelength  of  the 
laser . ^ 

Witt  tV ~  arrangement  we  were  able  to  observe  the  excitation  out  of  the 
a"(0)^2g  state  even  if  its  lifetime  is  very  short.  In  earlier  experiments  in 
which  the  electron  excitation  region  and  the  laser  excitation  region  were 
separated  by  1  cm  or  more,  we  were  not  able  to  detect  excitation  of  the  N2 
molecules  out  of  the  a"(0)^2g  state.  This  indicates  that  the  lifetime  of  the 
a" (0)^21  state  is  less  than  20^sec. 

Figure  3  shows  the  signals  observed  for  the  Q  branch  transition  c^(0)^nu  «- 
a"i.  ri)*2t  together  with  the  absorption  signal  from  the  iodine  cell.  The  No 
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signals  are  due  to  an  increase  in  the  uv  light  detected;  the  change  in  the  light 
. tensity  is  roughly  6  parts  in  10^.  A  similar  experiment  carried  out  to  test 
t.t  ;  .  .  with  the  nitrogen  replaced  by  neon  gave  signals  with  an  increase 


in  che  uv  light  detected  with  ow  source  pressures  (0.4  torr)  and  a  decrease  with 
high  source  pressures.  As  the  pressure  increased  the  signal  in  the  wings  of  the 
line  changed  sign  first  and  then  the  signal  at  the  center  decreased  and  changed 
sign.  This  behavior  was  quite  surprising.  The  155(^2)  metastable  level  in 
neon,  which  corresponds  to  the  a"(0)^Eg  state,  does  not  decay  with  emission  of 
uv  radiation;  the  ls2(^l)  and  ls^(^P^)  levels,  which  are  populated  through 
radiative  decay  after  laser  excitation  to  the  2p2(®P^)  level,  decay  rapidly  with 
the  emission  of  uv  radiation.  Thus  one  would  expect  to  see  an  increase  in  the 
uv  light  emitted.  The  change  in  the  sign  of  the  signal  is  attributed  to  a 
combination  of  reabsorption  of  the  emitted  uv  radiation  and  laser  depopulation 
of  the  metastable  atoms  which  play  a  role  in  the  electron  excitation  to  higher 
levels  which  emit  uv  radiation.  The  nitrogen  is  less  susceptible  to  this 
reversal  since  the  emitted  uv  light  comes  in  large  part  from  transitions  to  high 
vibrational  levels  of  the  ground  state  which  are  not  populated  at  room 
temperature  and  che  a"(0)^Zg  state  has  a  shorter  lifetime  than  the  metastable 
states  in  neon. 

The  only  observation  of  uv  light  emitted  by  the  a"(0)^Eg  state  is 
that  reported  by  Lutz . ^  Dressier  and  Lutz^  used  the  absorption  in  nitrogen 
gas  at  several  pressures  to  observe  the  absorption  band  for  the  transition 
a"(0)^2g  *-  X(0)^Eg.  Lutz^®  subsequently  reported  the  observation  of  the 
a"(0)^-Zg  -*  X(0)^Zg  transition  in  emission  from  a  discharge  at  101.005  nm.  The 
near  lying  intense  bands  from  other  transitions  made  the  observation  of  this 
transition  difficult.  Lutz's  observation  has  not  been  confirmed  by  later 
workers.  The  term  value  99005.0  cm'^  calculated  from  the  wavelength  measured  by 
Lutz  differs  by  165  cm'^  from  the  term  value  98840.55  cm’^  derived  in  a  more 
recent  analysis  by  Yoshino  and  Freeman.® 


This  same  technique  has  been  used  to  observe  transitions  from  the  a"(0)*Zp 
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state  to  the  05(0)-*-^  and  the  c^(3)^E^  states.  In  each  case  the  signals 
were  due  to  an  increase  in  the  uv  light  detected. 

The  change  in  the  uv  light  emitted  was  roughly  the  same  for  all  three 
transitions.  If  the  change  in  the  last  light  emitted  is  due  simply  to  the 
emission  by  the  laser  excited  C4(0)^nu,  c^CO^Z^  and  c^O^E^  states,  then 
this  does  not  support  the  conclusion  of  Zipf  and  McLaughlin^  concerning 
predissociation  in  the  excited  singlet  states  of  N2 .  Zipf  and  McLaughlin 
concluded  that  the  c^(3)^E^  state  decayed  through  predissociation  15%  of  the 
time  and  the  0^(0)^!^  and  c^O^Z^  states  decayed  through  predissociation  more 
than  99%  of  the  time.  Roncin,  et  al.^  reported  that  the  uv  radiation  from  the 
c^(3)^S^  state  is  very  strong,  the  uv  radiation  from  the  c^(0)^nu  state  is 
weak,  and  the  uv  radiation  from  the  C5(0)^EU  state  is  very  weak.  There  are 
clearly  discrepancies  between  these  observations  which  merit  further 
investigation. 

Figure  4  shows  the  observed  line  profile  for  the  R(8) ,  c^(3)1E^  *- 
a"(0)^Zg  transition.  A  fit  to  a  Voigt  profile  gave  (640  ±  130)  MHz  for  the 
Lorentzian  <  imponent  and  (530  ±  100)  MHz  for  the  Gaussian  component.  The  width 
of  the  Lorentzian  component  corresponds  to  a  lifetime  of  (0.25  ±  0.05)  nsec. 
Similar  observations  for  the  Q(12),  c^(0)^nu  «-  a"(0)^Eg  transition  gave  a 
lifetime  of  (0.46±0.10)  nsec.  These  lifetimes  are  similar  to  the  reported 
lifetimes  for  other  ^nu  and  ^E^  states . ^ ^ 

Table  1  summarizes  the  measured  line  position  for  each  of  the  transitions 
observed.  Also  shown  are  the  line  positions  determined  by  Suzuki  and  Kakimoto^u 
for  the  same  transitions  through  optogalvanic  spectroscopy  or  calculated  from 
the  uv  absorption  measurements  of  Yoshino,  Freeman  and  Tanaka.^  In  all  cases 
the  agreement  is  satisfactory. 
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This  combination  of  electron  beam  and  laser  excitation  provides  a  new  tool 
for  the  study  of  the  high  lying  Rydberg  states  of  N2 .  Two  lasers  can  be  used  to 
extend  the  studies  to  the  s  and  d  Rydberg  levels  which  are  not  accessible  by 
optical  absorption  from  the  ground  state.  The  replacement  of  the  photodiode 
detector  with  a  uv  spectrometer  will  allow  one  to  observe  in  detail  the  spectral 
redistribution  of  the  radiation.  This  should  make  it  feasible  to  observe 
transitions  to  other  Rydberg  states,  to  observe  transitions  to  the  b^nu  and 
b  valence  states,  to  study  the  levels  in  greater  detail,  to  measure  the 

relative  branching  ratios  for  radiative  decay  and  predissociation,  to  measure 
for  each  state  the  branching  ratios  for  decay  to  the  different  vibrational 
levels  of  the  ground  state,  and  to  measure  the  branching  ratios  for  decay  to  the 
a^Ilg  metastable  state. 

We  wish  to  thank  Dr.  K.  Yoshino  for  his  interest  and  informative  discussions 
of  the  nitrogen  molecule.  This  work  was  supported  in  part  by  Air  Force 
Geophysics  Laboratory  Contract  F19628-84-K-0015 .  One  of  the  authors  (A.W.K.) 
would  like  to  acknowledge  support  from  the  National  Science  Foundation. 


Table  1 


A  summary  of  the  observed  transition  intervals  in  cm*^.  The  other  measurements 
for  the  c4(0)1nu  «-  a"(0)1S+  and  c^O)1^  -  a^O)1^  transitions  are  those  of 
Suzuki  and  Kakimoto.^O  They  estimate  the  reproducibility  of  their  measurements 
is  roughly  0.001  cm'^.  The  intervals  for  the  C4(3)^Ej  «-  a"(0)^Zg  transitions 
were  calculated  from  the  term  values  determined  by  Yoshino,  et  al . 7 
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Figure  Captions 


Fig.  1  -  -  An  energy  level  diagram  showing  the  singlet  Rydberg  states  of  interest 
in  this  experiment.  Only  the  ground  vibrational  level  for  each 
electronic  state  is  shown. 

Fig.  2  --  A  schematic  diagram  of  the  apparatus  used  to  excite  the  N2  molecules 
and  observe  the  transitions. 


Fig.  3  --  The  Q  band  c^(0)^ITu  *■  a"(0)^Sg  transitions  near  the  band  head.  The 
numbers  on  the  iodine  lines  are  the  identification  numbers  in  the 
iodine  atlas. 


Fig.  4  --  The  observed  line  profile  for  the  R(8)  ,  C4<3)^E^  «-  a"(0)^-Zg 

transition.  The  dot-dash  curve  is  the  fit  using  a  Voigt  line 
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